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Abstract
7,12-dimethylbenz[a]anthracene (DMBA) destroys ovarian follicles in a concentration-dependent
manner. The impact of DMBA on connexin (CX) proteins that mediate communication between
follicular cell types along with pro-apoptotic factors p53 and Bax were investigated. Postnatal day
(PND) 4 Fisher 344 rat ovaries were cultured for 4 days in vehicle medium (1% DMSO) followed
by a single exposure to vehicle control (1% DMSO) or DMBA (12.5 nM or 75 nM) and cultured
for 4 or 8 days. RT-PCR was performed to quantify Cx37, Cx43, p53 and Bax mRNA level.
Western blotting and immunofluorescence staining were performed to determine CX37 or CX43
level and/or localization. Cx37 mRNA and protein increased (P < 0.05) at 4 days of 12.5 nM
DMBA exposure. Relative to vehicle control-treated ovaries, mRNA encoding Cx43 decreased (P
< 0.05) but CX43 protein increased (P < 0.05) at 4 days by both DMBA exposures. mRNA
expression of pro-apoptotic p53 was decreased (P < 0.05) but no changes in Bax expression were
observed after 4 days of DMBA exposures. In contrast, after 8 days, DMBA decreased Cx37 and
Cx43 mRNA and protein but increased both p53 and Bax mRNA levels. CX43 protein was located
between granulosa cells, while CX37 was located at the oocyte cell surface of all follicle stages.
These findings support that DMBA exposure impacts ovarian Cx37 and Cx43 mRNA and protein
prior to both observed changes in pro-apoptotic p53 and Bax and follicle loss. It is possible that
such interference in follicular cell communication is detrimental to follicle viability, and may play
a role in DMBA-induced follicular atresia.
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Introduction
The female gamete, the oocyte, is encased in a follicular structure surrounded by granulosa
cells and, as the follicle matures, also by theca cells. Primordial follicles are maintained in a
dormant state until activation into the growing follicular pool (Hirshfield, 1991). In women,

© 2013 Published by Elsevier Inc.
*Corresponding author: Department of Animal Science, Iowa State University, Ames, IA 50011. Telephone number
1-515-294-3849; Fax number: 1-515-294-4471. akeating@iastate.edu.
shanthig@iastate.edu

Conflict of Interest Statement: The project described was supported by award number R00ES016818 to AFK and by a fellowship
from the American Association of University Women to SG. The content is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institute of Environmental Health Sciences or the National Institutes of Health.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Toxicol Appl Pharmacol. Author manuscript; available in PMC 2015 January 15.

Published in final edited form as:
Toxicol Appl Pharmacol. 2014 January 15; 274(2): 209–214. doi:10.1016/j.taap.2013.11.008.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



nearly 99% of ovarian follicles undergo degenerative changes by a process known as atresia
(Hirshfield, 1991) and ovarian senescence (menopause) occurs when the finite pool of
primordial follicles has become exhausted (Mattison and Nightingale, 1982; Broekmans et
al., 2007; Hansen et al., 2008). Since primordial follicles cannot be regenerated (Hirshfield,
1991), chemical-induced depletion of this follicle pool can lead to infertility and premature
ovarian failure (POF). A number of chemical classes can deplete follicles causing
ovotoxicity, including the polycyclic aromatic hydrocarbon, 7,12-
dimethylbenz[a]anthracene (DMBA) (Mattison, 1980; Hoyer et al., 2009; Igawa et al.,
2009). Since DMBA can induce DNA double strand break (DSBs) damage in oocytes and
granulosa cells (Ganesan et al., 2013), there is concern that exposure could lead to negative
consequences for offspring should this damage be improperly repaired.

DSBs activate ataxia-telangiectasia mutated (ATM) protein which phosphorylates p53, a
tumor suppressor protein. p53 can then activate DNA repair proteins, induce cell cycle arrest
or initiate apoptosis if the DNA damage proves to be irreparable. Phosphorylated p53
activates a number of downstream pro-apoptotic molecules including Bax (Lane, 1992).
BAX promotes apoptosis by binding to and antagonizing the action of BCL-2 protein,
resulting in release of cytochrome c and activation of caspases to induce apoptosis (Weng et
al., 2005). We and others have previously demonstrated that ovaries exposed to DMBA
have increased levels of caspase 3 protein (Tsai-Turton et al., 2007; Ganesan et al., 2013).
Additionally, BAX-deficient mice ovaries are resistant to DMBA-induced primordial
follicle destruction (Matikainen et al., 2001).

Granulosa:granulosa and granulosa:oocyte cell to cell communication are necessary for
maintenance of follicular viability. Communication between these cells occurs through gap
junction intra-cellular channels, which directly connect the cytoplasmic compartments of
neighboring cells and allow exchange of ions, metabolites and second messenger such as
Ca2+ and inositol phosphates (Goldberg et al., 2004). Gap junctions are involved in
regulation of cellular growth, metabolism and differentiation (Sohl and Willecke, 2003; Wei
et al., 2004) and ovarian folliculogenesis (Simon et al., 2006). The major ovarian gap
junction proteins are connexin (CX) 37 and 43 (Kidder and Mhawi, 2002a). CX37
communicates from the oocyte to granulosa cell (Simon et al., 1997), while CX43 functions
in intra-granulosa cell communication (Granot et al., 2002; Kidder and Mhawi, 2002a).
CX37 is thought to be involved in follicular development and ovulation as well as luteal
tissue growth, differentiation, and regression (Borowczyk et al., 2006). Cx37-null mouse
oocytes suffer growth retardation and do not survive to become meiotically competent
(Carabatsos et al., 2000). Follicle growth is also interrupted: Cx37−/− granulosa cells form
structures resembling corpora lutea in the absence of ovulation. CX43 levels are increased in
granulosa cells following activation of follicular growth and maturation (Melton et al.,
2001), while reduced granulosa cell expression of CX43 is linked to elevated apoptosis in
porcine, bovine (Johnson et al., 1999; Cheng et al., 2005) and avian (Krysko et al., 2004)
species. Thus, CX37 and CX43 play important roles in the ovary to maintain follicular and
oocyte viability and quality.

Little is known about the impact of ovotoxicant exposures on ovarian function, thus in this
study we investigated any impact of DMBA on ovarian gap junction genes Cx37 and Cx43
along with the pro-apoptotic cellular components, p53 and Bax. We utilized a neonatal rat
whole ovary culture method to determine the effect of a single DMBA exposure at two
concentrations – 12.5 nM and 75 nM, since we have previously shown that these
concentrations induce DNA damage and increased caspase 3 levels 8 days after exposure
(Ganesan et al., 2013). Also, we have observed that these DMBA concentrations induced
large primary and secondary follicle loss (unpublished data). Our hypothesis was that
DMBA would alter Cx37 and Cx43 at time points prior to changes in pro-apoptotic genes
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(p53 and Bax) and observed follicle loss supporting that they are targets of DMBA’s
mechanism of ovotoxicity.

Methods and Materials
Reagents

7,12-Dimethylbenz[a]anthracene (DMBA; CAS # 57-97-6), bovine serum albumin (BSA),
ascorbic acid, transferrin, 2-β-mercaptoethanol, 30% acrylamide/0.8% bisacrylamide,
ammonium persulphate, glycerol, N’N’N’N’-Tetramethylethylenediamine (TEMED), Tris
base, Tris HCL, Sodium chloride, Tween-20 were purchased from Sigma-Aldrich Inc. (St
Louis, MO). Dulbecco’s Modified Eagle Medium:nutrient mixture F-12 (Ham) 1x (DMEM/
Ham’s F12), Albumax, penicillin (5000U/ml), Hanks’ Balanced Salt Solution (without
CaCl2, MgCl2 orMgSO4) from Invitrogen Co. (Carlsbad, CA). Millicell-CM filter inserts
and 48 well cell culture plates were obtained from Millipore (Bedford, MA) and Corning
Inc. (Corning, NY) respectively. RNeasy Mini kit, QIA shredder kit, RNeasy Min Elute kit,
and Quantitect TM SYBR Green PCR kit were purchased from Qiagen Inc (Valencia, CA).
All primers were purchased from the Iowa State University DNA facility. All primary
antibodies were purchased from Abcam (Cambridge, MA). RNA later was obtained from
Ambion Inc. (Austin, TX). Goat anti-rabbit secondary antibodies were obtained from Santa
Cruz Biotechnology, (Santa Cruz, CA). Ponceau S was from Fisher Scientific. ECL plus
chemical luminescence detection kit was obtained from GE Healthcare, Amersham
(Buckinghamshire, UK). Primers were obtained from the DNA facility of the Office of
Biotechnology at Iowa State University (Ames, IA).

Ovary culture
Ovaries were collected from PND4 Fisher 344 female rats and cultured as described
previously (Devine et al., 2002). Briefly, PND4 female F344 rat pups were euthanized by
CO2 inhalation followed by decapitation. Ovaries were removed, trimmed of oviduct and
other excess tissues and placed onto membrane floating on 250 μl of DMEM/Ham’s F12
medium containing 1 mg/ml BSA, 1 mg/ml Albumax, 50 μg/ml ascorbic acid, 5 U/ml
penicillin and 27.5 μg/ml transferrin per well in a 48 well plate that had previously been
equilibrated to 37 °C. A drop of medium was placed on top of each ovary to prevent it from
drying. Ovaries were cultured for 4 days in control medium to allow development of large
primary and secondary follicles, and were then treated once with medium containing vehicle
control (1% DMSO) ± DMBA (12.5 nM or 75 nM) and the culture was maintained for four
or eight days at 37 °C and 5% CO2. These exposures have been found in our laboratory to
induce large primary and/or secondary follicles after 8 days (unpublished data).
Additionally, 75 nM DMBA was shown to cause primordial follicle loss after 15 days of
exposure on alternate days, while the 12.5 nM exposure did not affect primordial follicle
number (Igawa et al., 2009). Thus, the purpose of these experiments was to investigate the
impact of DMBA exposures on large primary and secondary follicles. The medium was
replaced every two days. One ovary per animal was placed in control medium, while the
contralateral ovary was exposed to the experimental treatment.

RNA isolation and Quantitative RT-PCR
RNA was isolated using an RNeasy Mini kit (Qiagen) and the concentration was determined
using an ND-1000 Spectrophotometer (λ = 260/280nm; NanoDrop technologies, Inc.,
Wilmington, DE) (n=3; 10 ovaries per pool). Total RNA (200 ng) was reverse transcribed to
cDNA utilizing the Superscript III One-Step RT-PCR (Qiagen). cDNA was diluted (1:20) in
RNase-free water. Diluted cDNA (2μl) were amplified on an Eppendorf PCR Master cycler
using Quantitect SYBR Green PCR kit (Qiagen). Primers were designed by Primer 3 Input
Version (0.4.0); Cx37 forward - tgatcacaggtggttctgga; Cx37 reverse - aggagaagtggggtgtgatg:
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Cx43 forward - gagcgaggtttcaacagtgc; Cx43 reverse - ccgaacacgacagcagttta: Gapdh forward
- gtggacctcatggcctacat; Gapdh reverse – ggatggaattgtgagggaga: p53 forward –
tggtccagcaaatcctatc; p53 reverse – gagtggaggaaatgggtcct: Bax forward –
cgagctgatcagaaccatca; Bax reverse – ctcagcccatcttcttccag. The regular cycling program
consisted of a 15-min hold at 95°C and 45 cycles of denaturing at 95°C for 15s, annealing at
58°C for 15s, and extension at 72°C for 20s at which point data were acquired. There was no
difference in Gapdh mRNA expression between treatments, thus each sample was
normalized to Gapdh before quantification. Quantification of fold-change in gene expression
was performed using the 2−ΔΔCt method (Livak and Schmittgen, 2001; Pfaffl, 2001).
Expression level for control was set at 1, and treatment gene changes were expressed as
fold-change relative to the vehicle control treated ovaries. Thus, fold-changes presented are
increases above the control value of 1.

Protein isolation and Western blotting
Protein was isolated from cultured ovaries (n=3; 10 ovaries per pool). Homogenates were
prepared from cultured ovaries via homogenization in tissue lysis buffer containing protease
and phosphatase inhibitors as previously described (Thompson et al., 2005). Briefly,
homogenized samples were placed on ice for 30 min, followed by two rounds of
centrifugation at 10,000 rpm for 15 min and protein concentration was measured using a
BCA protocol. Protein was stored at −80 °C until further use. SDS-PAGE was used to
separate protein homogenates which were then transferred to a nitrocellulose membrane.
Membranes were blocked for 1 hour in 5 % milk in Tris-buffered saline containing tween
20, followed by incubation with anti-rabbit CX37 or CX43 antibody (1:100) for 36 h at 4°C.
Following three washes in TTBS (1X), membranes were incubated with species-specific
secondary antibodies (1:2000) for 1 h at room temperature. Membranes were washed 3X in
TTBS and incubated in chemiluminescence detection substrate (ECL plus) for 5 min
followed by X-ray film exposure. Densitometry of the appropriate bands was performed
using ImageJ software (NCBI). Equal protein loading was confirmed by Ponceau S staining
of membranes and protein level was normalized to Ponceau S densitometry values.

Immunofluorescence Staining
Ovaries were fixed in 4% paraformaldehyde for 2 h, transferred to 70% ethanol, embedded
in paraffin, serially sectioned (5 μM thick), and every 10th section was mounted. Slides
were deparaffinized in xylene and rehydrated with subsequent washes in ethanol. Antigen
retrieval was carried out by microwaving sections for 7 min in sodium citrate buffer (1M,
pH 6.1). Sections were then blocked in 5% BSA for 1 h at room temperature. Sections were
incubated with primary antibody CX37 (1:200) and CX43 (1:200) overnight at 4°C. After
washing in 1% PBS, sections were incubated with the appropriate goat anti-rabbit IgG-FITC
secondary antibodies for 1 h. Slides were then counterstained with 4-6-diamidino-2-
phenylindole (DAPI) or Hoechst for 5 min. Images were taken using a Leica fluorescent
microscope and protein expression were analyzed using ImageJ software (NCBI). 10-15
follicles per ovary (n=3) were analyzed for CX37 protein quantification and 3 ovaries were
used to quantify CX 43 protein level by counting the number of CX43 positive foci in each
ovary.

Statistical analysis
Raw data were analyzed by paired t-tests where two treatments were compared or ANOVA
for comparison of more than two treatments, comparing treatment with control using
Graphpad Prism 5.04 software. Values are expressed as mean ± SE; n=3 (10 ovaries per
pool). Statistical significance was defined as * = P < 0.05

Ganesan and Keating Page 4

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2015 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Results
Effect of DMBA on Cx37 and Cx43 mRNA level

DMBA exposure increased (P < 0.05) Cx37 mRNA (12.5 nM: 3.4-fold ± 0.9; 75 nM: 1.4-
fold ± 0.9) at 4 days of exposure. In contrast, DMBA decreased (P < 0.05) Cx43 mRNA
(12.5 nM: 0.5-fold ± 0.004; 75 nM: 0.7-fold ± 0.2), compared to vehicle-treated ovaries at 4
days of exposure (Figure 1A). At 8 days, both Cx37 and Cx43 mRNA expression were
decreased (P < 0.05) by 12.5 nM (Cx37: 0.9-fold ± 0.007; Cx43: 0.85-fold ± 0.008) and 75
nM (Cx37: 0.95-fold ± 0.04; Cx43: 0.95-fold ± 0.06) DMBA compared to vehicle-treated
ovaries (Figure 1B).

Impact of DMBA on CX37 and CX43 protein level
CX37 protein level was increased (P < 0.05) by 12.5 nM and decreased (P < 0.05) by 75 nM
DMBA at 4 days, relative to vehicle-treated ovaries. CX43 protein level was increased (P <
0.05) by 12.5 nM and by 75 nM DMBA at 4 days, relative to vehicle-treated ovaries (Figure
2A).

At 8 days, CX37 was decreased (P < 0.05) by 12.5 nM compared to vehicle-treated ovaries,
but there was no impact of 75 nM DMBA on CX37. CX43 protein level was decreased (P <
0.05) by 12.5 nM and by 75 nM DMBA compared to vehicle-treated ovaries (Figure 2B).

Localization and amount of ovarian CX37 and CX43 proteins and impact of DMBA thereon
CX37 (Figure 3A-C) was localized to the oocyte cell surface. At 8 days, CX37 protein
staining was increased (P < 0.05) in small primary follicles by 12.5 nM ompared to 75 nM
and vehicle-treated ovaries and in large primary and secondary follicles, CX37 was
decreased (P < 0.05) by 12.5 nM and by 75 nM DMBA exposures, relative to vehicle-
treated ovaries, respectively (Figure 3H). CX43 (Figure 3D-F) was localized to the
granulosa cells of all follicular stages. CX43 total protein staining was decreased (P < 0.05)
by 12.5 nM and 75 nM DMBA exposures compared to vehicle-treated ovaries at 8 days
(Figure 3G). In follicles that were devoid of oocytes, CX43 protein localization was absent
or negligible.

DMBA effect on p53 and Bax mRNA level
Relative to vehicle-treated ovaries, DMBA exposure decreased (P < 0.05) p53 mRNA (12.5
nM: 0.7-fold ± 0.04; 75 nM: 0.6-fold ± 0.1) after 4 days of exposure (Figure 4A). In
contrast, DMBA increased (P < 0.05) p53 mRNA (12.5nM: 0.6-fold ± 0.1; 75 nM: 0.4-fold
± 0.09), compared to vehicle-treated ovaries after 8 days of exposure (Figure 4B)

DMBA exposure did not affect Bax mRNA after 4 days of exposure (Figure 4C). In contrast,
DMBA increased (P < 0.05) Bax mRNA (12.5nM: 0.9-fold ± 0.08; 75 nM: 0.8-fold ± 0.1),
compared to vehicle-treated ovaries after 8 days of exposure (Figure 4D).

Discussion
DMBA is an ovotoxicant that depletes follicles at various stages of development (Rajapaksa
et al., 2007; Igawa et al., 2009). The initiating event in DMBA-induced follicle destruction
remains unclear; however, since cell to cell communication is vital for follicular viability, it
is possible that perturbation to communication within the follicle could have detrimental
consequences for the oocyte. CX37 and CX43 are the major ovarian gap junction proteins,
shown to be essential for folliculogenesis and production of fertilizable oocytes (Granot et
al., 2002; Kidder and Mhawi, 2002b; Teilmann, 2005). There is little information on
whether ovotoxic chemicals target CX proteins and communication within the follicle, thus,
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we investigated whether DMBA had any impact on Cx37 and Cx43. Prior to DMBA-
induced follicle loss, Cx37 mRNA and protein was increased and although Cx43 protein was
elevated, mRNA encoding the Cx43 gene was decreased. These data indicate that DMBA
may target Cx43 at the transcriptional level initially, and that increased Cx37 mRNA and
protein and CX43 protein may be part of the ovarian protective response to DMBA
exposure. Both Cx37 and Cx43 mRNA and protein were decreased by DMBA exposures at
8 days. This time coincides with DMBA-induced follicle depletion (unpublished data) and
therefore may simply be a consequence of reduced follicle number.

Cx37-null mice display retarded oocyte growth (Carabatsos et al., 2000) due to lack of
nutrient intake from extracellular environment (Eppig, 1991). We found that CX37 protein
was localized to the oocyte cell surface, in agreement with a previous report in the mouse
ovary (Teilmann, 2005; Simon et al., 2006). Lack of organized CX37 localization around
the oocyte perimeter has been reported as an early sign of follicular atresia (Teilmann,
2005), thus, the perturbations to Cx37 mRNA and protein could impact follicular viability
during DMBA-induced ovotoxicity. We did not observe obvious localization changes in
CX37, however, interestingly, increased CX37 protein was evident in the small primary
follicles at 12.5 nM DMBA. Since small primary follicle numbers are not impacted by
DMBA at this concentration (unpublished data), it is possible that increased CX37 is
protective against DMBA-induced follicle loss.

Cx43 mRNA and protein level are correlated with follicular development in immature rats
(Granot and Dekel, 1997). In extra-ovarian tissues, CX43 is inversely correlated with
apoptosis, acting as a survival factor (Lin et al., 2003). The increase in Cx43 mRNA level
after 4 days of DMBA exposure potentially indicates an anti-apoptotic role for ovarian
CX43. Consistent with this posit, at the time point when follicle loss was observed
(unpublished data), Cx43 mRNA and protein were decreased by DMBA exposure which is
consistent with lower expression of Cx43 mRNA and protein expression in cryopreserved
apoptotic mouse ovarian tissue (Lee et al., 2008). This decrease in Cx43 mRNA and protein
is also associated with increased caspase 3 protein in ovaries treated with the same DMBA
concentrations (Ganesan et al., 2013). An elevated level of apoptosis associated with low
expression of CX43 has also been reported in avian granulosa cells (Krysko et al., 2004).
CX43 protein was localized between the granulosa cells in all stage follicles, consistent with
a previous study that reported CX43 localization in the gap junctions connecting rat ovarian
granulosa cells, with highest expression in pre-mature and pre-ovulatory antral follicles
(Okuma et al., 1996; Gittens and Kidder, 2005). Interestingly, in large primary and
secondary follicles that were devoid of oocytes, CX43 protein was either absent or
negligible, implying that some oocyte-derived factor may be involved in CX43 protein
maintenance. Despite our observed reduction of CX43 protein from total protein
homogenates, the number of CX43 positive foci was increased. This may be representative
of an attempt to increase gap junction communication and promote survival.

We also found increased levels of pro-apoptotic p53 and Bax at the time of follicle loss (8
days) but not before the time of follicle loss (4 days). Thus, DMBA-induced changes in the
Cx37 and Cx43 genes occurred prior to changes in pro-apoptotic components. Decreased
p53 prior to follicle loss could be due to interaction of p53 with mdm2, resulting in p53
inhibition (Lakin and Jackson, 1999). Additionally, there was no induction of Bax until the
time-point at which follicle loss was observed (day 8). These results are in agreement with
another study that demonstrated increased pro-apoptotic BAX and caspase-3 in granulosa
cells of DMBA-exposed pre-ovulatory follicles (Tsai-Turton et al., 2007). Future work
would include examining whether post-translational changes to BAX and p53 proteins occur
during DMBA exposure.
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In summary, DMBA alters ovarian Cx37 and Cx43 at the transcriptional and post-
transcriptional levels. The initial increase in CX37 and CX43 proteins in response to DMBA
exposure demonstrates the capacity of ovarian tissue to mount a compensatory response to
an ovotoxic insult.

References cited
Borowczyk E, Johnson M, Bilski J, Borowicz P, Redmer D, Reynolds L, Grazul-Bilska A. Gap

junctional connexin 37 is expressed in sheep ovaries. Endocrine. 2006; 30:223–230. [PubMed:
17322584]

Broekmans FJ, Knauff EAH, te Velde ER, Macklon NS, Fauser BC. Female reproductive ageing:
current knowledge and future trends. Trends Endocrinol. Metab. 2007; 18:58–65. [PubMed:
17275321]

Carabatsos MJ, Sellitto C, Goodenough DA, Albertini DF. Oocyte–Granulosa Cell Heterologous Gap
Junctions Are Required for the Coordination of Nuclear and Cytoplasmic Meiotic Competence.
Dev. Biol. 2000; 226:167–179. [PubMed: 11023678]

Cheng Y, Inoue N, Matsuda-Minehata F, Goto Y, Maeda A, Manabe N. Changes in Expression and
Localization of Connexin 43 mRNA and Protein in Porcine Ovary Granulosa Cells during Follicular
Atresia. J. Reprod. Devel. 2005; 51:627–637. [PubMed: 16034189]

Devine PJ, Sipes IG, Skinner MK, Hoyer PB. Characterization of a Rat in Vitro Ovarian Culture
System to Study the Ovarian Toxicant 4-Vinylcyclohexene Diepoxide. 2002; 184:107–115.

Eppig JJ. Intercommunication between mammalian oocytes and companion somatic cells. BioEssays.
1991; 13:569–574. [PubMed: 1772412]

Eppig JJ, O’Brien M, Wigglesworth K. Mammalian oocyte growth and development in vitro. Mol.
Reprod. Dev. 1996; 44:260–273. [PubMed: 9115726]

Ganesan S, Bhattacharya P, Keating AF. 7,12-dimethylbenz[a]anthracene exposure induces the DNA
repair response in neonatal rat ovaries. Toxicol. App. Pharmacol. 2013; 272:690–696.

Gittens JEI, Kidder GM. Differential contributions of connexin37 and connexin43 to oogenesis
revealed in chimeric reaggregated mouse ovaries. J. Cell Sci. 2005; 118:5071–5078. [PubMed:
16254245]

Goldberg GS, Valiunas V, Brink PR. Selective permeability of gap junction channels. Biochim.
Biophys. Acta - Biomemb. 2004; 1662:96–101.

Granot I, Bechor E, Barash A, Dekel N. Connexin43 in Rat Oocytes: Developmental Modulation of Its
Phosphorylation. Biol. Reprod. 2002; 66:568–573. [PubMed: 11870059]

Granot I, Dekel N. Developmental expression and regulation of the gap junction protein and transcript
in rat ovaries. Mol. Reprod. Dev. 1997; 47:231–239. [PubMed: 9170102]

Hansen KR, Knowlton NS, Thyer AC, Charleston JS, Soules MR, Klein NA. A new model of
reproductive aging: the decline in ovarian non-growing follicle number from birth to menopause.
Human Reprod. 2008; 23:699–708.

Hirshfield AN. Development of follicles in the mammalian ovary. Int. Rev. Cytol. 1991; 124:43–101.
[PubMed: 2001918]

Hoyer PB, Davis JR, Bedrnicek JB, Marion SL, Christian PJ, Barton JK, Brewer MA. Ovarian
neoplasm development by 7,12-dimethylbenz[a]anthracene (DMBA) in a chemically-induced rat
model of ovarian failure. Gyn. Oncol. 2009; 112:610–615.

Igawa Y, Keating AF, Rajapaksa KS, Sipes IG, Hoyer PB. Evaluation of ovotoxicity induced by 7, 12-
dimethylbenz[a]anthracene and its 3,4-diol metabolite utilizing a rat in vitro ovarian culture
system. Toxicol. Appl. Pharmacol. 2009; 234:361–369. [PubMed: 19027032]

Johnson M, Redmer D, Reynolds L, Grazul-Bilska A. Expression of gap junctional proteins connexin
43, 32, and 26 throughout follicular development and atresia in cows. Endocrine. 1999; 10:43–51.
[PubMed: 10403570]

Kidder GM, Mhawi AA. Gap junctions and ovarian folliculogenesis. Reproduction. 2002b; 123:613–
620. [PubMed: 12006089]

Ganesan and Keating Page 7

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2015 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Krysko DV, Mussche S, Leybaert L, D’Herde K. Gap Junctional Communication and Connexin43
Expression in Relation to Apoptotic Cell Death and Survival of Granulosa Cells. J. Histochem.
Cytochem. 2004; 52:1199–1207. [PubMed: 15314087]

Lakin ND, Jackson SP. Regulation of p53 in response to DNA damage. Oncogene. 1999; 18:7644–
7655. [PubMed: 10618704]

Lane DP. P53, guardian of the genome. Nature. 1992; 358:15–16. [PubMed: 1614522]

Lee RK, Li SH, Lu CH, Ho HY, Chen YJ, Yeh HI. Abnormally low expression of connexin 37 and
connexin 43 in subcutaneously transplanted cryopreserved mouse ovarian tissue. J. Assist. Reprod.
Genet. 2008; 25:489–497. [PubMed: 18937064]

Lin JH-C, Yang J, Liu S, Takano T, Wang X, Gao Q, Willecke K, Nedergaard M. Connexin Mediates
Gap Junction-Independent Resistance to Cellular Injury. J. Neurosci. 2003; 23:430–441. [PubMed:
12533603]

Livak KJ, Schmittgen TD. Analysis of Relative Gene Expression Data Using Real-Time Quantitative
PCR and the 2−ΔΔCT Method. Methods. 2001; 25:402–408. [PubMed: 11846609]

Matikainen T, Perez GI, Jurisicova A, Pru JK, Schlezinger JJ, Ryu H-Y, Laine J, Sakai T, Korsmeyer
SJ, Casper RF, Sherr DH, Tilly JL. Aromatic hydrocarbon receptor-driven Bax gene expression is
required for premature ovarian failure caused by biohazardous environmental chemicals. Nat.
Genet. 2001; 28:355–360. [PubMed: 11455387]

Mattison DR, Nightingale MS. Oocyte destruction by polycyclic aromatic hydrocarbons is not linked
to the inducibility of ovarian aryl hydrocarbon (benzo(a)pyrene) hydroxylase activity in (DBA/2N
X C57BL/6N) F1 × DBA/2N backcross mice. Pediatr. Pharmacol. 1982; 2:11–21.

Mattison DR, Schulman JD. How xenobiotic chemicals can destroy oocytes. Contemp Obstet.
Gynecol. 1980; 15:157.

Melton CM, Zaunbrecher GM, Yoshizaki G, Patiño R, Whisnant S, Rendon A, Lee VH. Expression of
connexin 43 mRNA and protein in developing follicles of prepubertal porcine ovaries. Comp.
Biochem. Physiol. Part B: Biochem. Mol. Biol. 2001; 130:43–55.

Okuma A, Kuraoka A, Iida H, Inai T, Wasano K, Shibata Y. Colocalization of connexin 43 and
connexin 45 but absence of connexin 40 in granulosa cell gap junctions of rat ovary. J. Reprod.
Fertil. 1996; 107:255–264. [PubMed: 8882293]

Pfaffl MW. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids
Res. 2001; 29:e45. [PubMed: 11328886]

Rajapaksa KS, Sipes IG, Hoyer PB. Involvement of Microsomal Epoxide Hydrolase Enzyme in
Ovotoxicity Caused by 7,12-Dimethylbenz[a]anthracene. Toxicol. Sci. 2007; 96:327–334.
[PubMed: 17204581]

Simon AM, Chen H, Jackson CL. Cx37 and Cx43 Localize to Zona Pellucida in Mouse Ovarian
Follicles. Cell Comm. Adhes. 2006; 13:61–77.

Simon AM, Goodenough DA, Li E, Paul DL. Female infertility in mice lacking connexin 37. Nature.
1997; 385:525–529. [PubMed: 9020357]

Sohl G, Willecke K. An update on connexin genes and their nomenclature in mouse and man. Cell.
Commun. Adhes. 2003; 10:173–180. [PubMed: 14681012]

Teilmann SC. Differential expression and localisation of connexin-37 and connexin-43 in follicles of
different stages in the 4-week-old mouse ovary. Mol. Cell. Endocrinol. 2005; 234:27–35.
[PubMed: 15836950]

Thompson KE, Bourguet SM, Christian PJ, Benedict JC, Sipes IG, Flaws JA, Hoyer PB. Differences
between rats and mice in the involvement of the aryl hydrocarbon receptor in 4-vinylcyclohexene
diepoxide-induced ovarian follicle loss. Toxicol. Appl. Pharmacol. 2005; 203:114–123. [PubMed:
15710172]

Tsai-Turton M, Nakamura BN, Luderer U. Induction of Apoptosis by 9,10-Dimethyl-1,2-
Benzanthracene in Cultured Preovulatory Rat Follicles Is Preceded by a Rise in Reactive Oxygen
Species and Is Prevented by Glutathione. Biol. Reprod. 2007; 77:442–451. [PubMed: 17554082]

Wei CJ, Xu X, Lo CW. Connexins and cell signaling in development and disease. Ann. Rev. Cell Dev.
Biol. 2004; 20:811–838. [PubMed: 15473861]

Ganesan and Keating Page 8

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2015 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Weng C, Li Y, Xu D, Shi Y, Tsang H. Specific cleavage of Mcl-1 by caspase-3 in tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL)-induced apoptosis in Jurkat leukemia T cells. J.
Biol. Chem. 2005; 280:10491–10500. [PubMed: 15637055]

Ganesan and Keating Page 9

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2015 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Highlights

DMBA increases Cx37 and Cx43 expression prior to follicle loss

During follicle loss both Cx37 and Cx43 expression are reduced

CX43 protein is absent in follicle remnants lacking an oocyte
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Figure 1. Effect of DMBA exposure on Cx37 and Cx43 mRNA expression
Total RNA was isolated from PND4 rat ovaries that were cultured in vehicle control
medium for 4 days followed by a single exposure to control (CT), 12.5 or 75 nM DMBA for
(A) 4 or (B) 8 days. qRT-PCR was performed to amplify Cx37 or Cx43 mRNA. Values are
expressed as mean fold change ± SE; n=3 (10 ovaries per pool). Statistical significance was
defined as * = P < 0.05.
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Figure 2. Effect of DMBA exposure on CX37 and CX43 protein level
Total protein was isolated from PND4 rat ovaries that were cultured in vehicle control
medium for 4 days followed by a single exposure to control (CT), 12.5 or 75 nM DMBA for
(A) 4 or (B) 8 days. (C) Western blotting was performed to quantify CX37 or CX43 protein
level (day 8). Values are expressed as densitometric mean ± SE; n=3 (10 ovaries per pool).
Statistical significance was defined as * = P < 0.05.
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Figure 3. Localization of and impact of DMBA exposure on ovarian CX37 and CX43 protein
level
PND4 rat ovaries were cultured in control medium for 4 days followed by a single exposure
to vehicle control (CT), 12.5 or 75 nM DMBA for 8 days. Ovarian sections were
immunostained using primary (A-C) CX37 (green stain) or (D-F) CX43 (red stain)
antibodies to check the localization and intensity of staining. Blue staining represents
nuclear DNA staining. Thin arrows indicate primordial/small primary follicles; thick arrows
indicate large primary/secondary follicles; chevron indicates follicle lacking an oocyte.
ImageJ software was used to analyze the intensity of staining. 10-15 follicles per ovary
(n=3) were used for (G) CX37 quantification and 3 ovaries were used for (H) CX43 positive
foci quantification. Values are expressed as densitometric mean ± SE. *= P< 0.05; different
from control.
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Figure 4. Effect of DMBA exposure on p53 and Bax mRNA expression
Total RNA was isolated from PND4 rat ovaries that were cultured in vehicle control
medium for 4 days followed by a single exposure to vehicle control (CT), 12.5 or 75 nM
DMBA for (A, C) 4 or (B, D) 8 days. qRT-PCR was performed to amplify (A, B) p53 or (C,
D) Bax mRNA. Values are expressed as mean fold change ± SE; n=3 (10 ovaries per pool).
Statistical significance was defined as * = P < 0.05.
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